and an antibody based system (CellSearch ® ) is currently used clinically to enumerate CTCs. Here we report the use of a peptide moiety in conjunction with a microcantilever array system to selectively detect CTCs resulting from cancer, specifically breast cancer. A sensing microcantilever, functionalized with a breast cancer specific peptide 18-4 (WxEAAYQrFL), showed significant deflection on cancer cell (MCF7 and MDA-MB-231) binding compared to when exposed to noncancerous (MCF10A and HUVEC) cells. The peptide-functionalized microcantilever allowed efficient capture and detection of cancer cells in MCF7 spiked human blood samples emulating CTCs in human blood. A detection limit of 50-100 cancer cells mL −1 from blood samples was achieved with a capture yield of 80% from spiked whole blood samples. The results emphasize the potential of peptide 18-4 as a novel peptide for capturing and detecting cancer cells in conjunction with nanomechanical cantilever platform. The reported peptide-based cantilever platform represents a new analytical approach that can lead to an alternative to the various detection platforms and can be leveraged to further study CTCs.
and the polymerase chain reactions (PCR) 11 are very sensitive and compliant approaches for detections. However, with respect to their applicable use, they continue to suffer from numerous constrains such as the need for the trained cytologist to handle the sample assessments, time-consumption associated with the handling and pre-treatment procedures, as well as the cross-reactivity of the antibodies and nucleotides used during the detections 6, 12 . Other alternative label-free biosensing technologies to the classical approaches of CTCs detection are under development, such as nanowire sensor 13 , the graphene oxide nano-sheets 14 , the electro-impedance cytometry 15 and microcantilevers [16] [17] [18] . One platform based on the immunomagnetic beads conjugated with an antibody to EpCAM (CellSearch ® , Veridex TM , Warren, PA), is now clinically used for enumeration of CTCs from human blood samples 19 . Majority of these advanced detection platforms rely on antibody and/or oligonucleotide probes for recognition, identification, and quantification of the target cells.
In this study, we report the development of a peptide-based microcantilever array sensor for efficient capture of intact representative cancer cells at low concentrations without pre-requisite labeling or sample processing (Fig. 1) . The microcantilever array was functionalized separately with two cancer targeting peptides, namely, a decapeptide 18-4 (WxEAAYQrFL) with an additional C-terminal cysteine or a cyclic RGD peptide (cRGDfC) 20 using the thiol group of cysteine residue. Peptide 18-4 is a proteolytically stable engineered breast cancer targeting peptide derived from a 12-mer peptide p160 that was identified using in vivo phage display for cancer targeting [21] [22] [23] . Peptide 18-4 exhibits high affinity for breast cancer cell lines (MCF7, MDA-MB-231, and MDA-MB-435), most likely through a receptor-mediated mechanism, with almost no binding to the noncancerous cells (MCF10A and HUVECs). RGD is a well-studied tumor homing peptide that interacts with specific integrin receptors (α vβ 3) overexpressed on several tumor epithelial cells 24, 25 . However RGD also targets non-tumorigenic tissues as it is recognized by several integrins (8 out of 24 heterodimers) and is therefore deemed less specific. To explore whether cancer cells can be selectively captured with these peptides, breast cancer cells (MCF7 or MDA-MB-231) alone or in combination with non-cancerous MCF10A (derived from the same breast tissue as MCF7) were spiked into a buffer or blood solution to obtain mimics of CTCs in human blood. The cancer cells were detected by recording the nanomechanical bending of the cantilevers in real-time based on the surface stress induced by adhesion of the cancer cells to the immobilized peptides.
Results and Discussion
Functionalization of Microcantilevers. Microcantilevers in an array were functionalized with self-assembled monolayers (SAMs) of cancer cell binding peptides, which act as specific ligands for cancer cells. As illustrated in Fig. 1 , the detection principle is based on static mode of cantilever operation, which means that cantilever beam bends as a result of changes in the surface stress generated by analyte-ligand interactions 26 . Specifically in this study, selective adsorption of the cancer cells to the immobilized peptide on the surface of the cantilevers results in a decrease in the surface free energy which in turn leads to generate a differential surface stress between the functionalized and non-functionalized sides of the lever. This differential surface stress causes cantilever to deflect or bend by a certain extent that can be expressed according to Stoney's formula 27 . An in-house built microcantilever array sensor was used for the cantilever experiments (Supplementary Information Figure S1 ).
One of the essential parameters that determine the efficiency of the cell capture on the microcantilever system is the flow velocity of the sample throughout the system 28 . Therefore, in order to optimize the flow rate, a number of experiments were conducted to determine the sensor capture efficiency at different flow velocities. We spiked cancer cell lines (MCF7) into phosphate buffered saline (PBS) at ∼ 100 cells mL −1 and dispensed on a peptide (18-4) coated microcantilever array as a function of flow rates ranging from 1 to 5 mL h −1
. The capture yield was calculated for each flow rate and results were charted as shown in Figure S2 . We found that the estimated capture efficiency increased by decreasing the flow velocity of the samples, indicating an inverse proportion of the capture yield to the sample flow velocity. The capture yield was significantly enhanced at 1 mL h −1 flow rate (81%) compared to that at faster flow rate of 5 mL h −1 (54%). Based on these results that suggest enhanced binding of the cancer cells to the immobilized peptide with increased incubation time, the subsequent studies were performed using a flow rate of 1-2 mL h Cancer Cell Binding to the Peptide-functionalized Microcantilevers. First, we aimed to assess and compare the binding efficiency of the designed peptide-based microcantilever sensor (peptide 18-4 sensor) to other peptide-sensors including cRGDfC sensor against the human adenocarcinoma breast cell line MCF7, which is a good mimic for circulating breast tumor cells in human blood. The thiolated peptides (Table S1) were chemically synthesized and independently immobilized on cantilever beams in arrays using the tip-dipping method as described in the material and methods section. Cancer cells were spiked into PBS (25 cells mL
, pH ∼ 7.4) and were allowed to flow through the microcantilever array. Reference cantilevers functionalized with control peptides were treated with the same concentration of cancer cells and subjected to nanomechanical readings for comparisons. Results of the analysis revealed significant beam deflection for peptide 18-4 functionalized sensor with approximate deflection of 120 ± 7 nm achieved after sample introduction (Fig. 2a) . The deflection, however, showed to be slightly less in case of cRGDfC functionalized array with a deflection distance of 102 ± 3 nm. Compared to the peptide 18-4 and RGD sensors, the reference cantilevers (ref. 1 and ref. 2) exhibited insignificant bending when subjected to the cancer cells, indicating weak binding properties of the control peptides.
Further insight on the peptide binding efficiency to cancer cells was gained by estimating the capture yield of cancer cells of each peptide sensor. Figure 2b displays the capture yield (%) of the peptide cantilever sensors in contrast to the reference cantilevers. The calculated capture efficiency was found to be around 80 ± 4% in the case of peptide 18-4 sensor and almost 60 ± 6% for cRGDfC sensor. In contrast to the sensing peptides, the reference cantilevers showed only 14-19% for both ref. 1 and ref. 2 . The cantilever results demonstrated that peptide 18-4 sensor has better binding affinity to cancer cell lines than the cRGDfC sensor. These results match well with the previous studies of peptide array whole cell binding assay for screening of cancer targeting peptides using fluorescence microscopy 21, 22 . Specificity of Peptide-functionalized Microcantilevers. In order to determine the specificity of the designed sensor, we applied the peptide 18-4 functionalized cantilever array to distinguish between cancerous and non-cancerous cell lines in real-time (Fig. 3) . Here the binding affinity of the peptide sensor was explored against two types of breast cancer cell lines, namely, MCF7 and MDA-MB-231 and two non-cancerous cell lines, MCF10A and HUVEC. MCF10A are non-cancerous cells derived from the same human mammary tissue as MCF7, whereas HUVEC are endothelial cells isolated from normal human umbilical vein. When cells were injected at a concentration of 100 ± 10 cells mL −1 separately to each peptide cantilever, the cantilever showed significant deflection for cancerous cell binding (280 ± 25 nm) compared to non-cancerous cell binding (90 ± 15 nm, Fig. 3a) . The variation in cantilever deflection upon binding cancerous or noncancerous cells is most likely due to the differential expression levels of specific peptide-binding receptors present in cancerous and noncancerous cells. We and others have shown that peptide 18-4 and the original lead peptide p160 enter cells by a receptor-mediated endocytosis 21, 23 . The receptor is not known yet, however, it is clear that the receptor is overexpressed in breast cancer cells compared to normal cells. The results confirm our conjecture that peptide 18-4 binds breast cancer cells with high specificity. Previously we showed that a similar peptide, peptide 18 (WXEAAYQRFL), binds MDA-MB-435 breast cancer cells with an apparent K d of 41.9 μM
22
. This finding highlights that such tumor binding peptides are not only useful for tumor imaging or targeted drug delivery, but can also be useful as recognition elements to develop peptide-based biosensor platforms for cancer cell detection in real-time. In recent years, several studies have explored the feasibility of using short-ligand peptides as molecular recognition elements in biosensing techniques and have validated the ability of natural and synthetic peptides to serve as robust biorecognition probes in biosensors [29] [30] [31] [32] . We have recently shown that an antimicrobial peptide from class IIa bacteriocins can be used for the detection of Gram-positive Listeria monocytogenes at 1 bacterium μL −1 using impedance 34 . Here we have employed a cancer-targeting peptide, engineered from a phage display library and synthetic peptide array library for breast cancer cell binding, as a sensing molecule to detect cancer cells in a cantilever array for the first time.
The differential deflection of the peptide microcantilever sensor to cancer cells was also explored by injecting samples with different ratios of cancer cells (MCF7) to noncancerous (MCF10A) cells. Figure 3b demonstrates cantilevers deflection after injection of cancer cells only (100 cells mL
) as well as after dilution with MCF10A (MCF7:MCF10A; 1:0, 3:1, 2:2, 1:3, 0:1). The cantilevers selectively responded to MCF7 cells and showed amplitude of deflection proportionally scaled with concentration of the MCF7 cells in the sample (Fig. 3c) . In a co-culture of cancerous and noncancerous cells, the cantilever was able to detect cancer cells in the presence of ∼ 75% normal cells (MCF10A). Similarly, as the concentration of normal cells was increased, the deflection signal decreased (Fig. 3d) indicating the ability of peptide probes to discriminate between cell types. The results suggest that the presence of normal cells (MCF10A used here) does not prevent cancer cells from binding to the immobilized probes; it might however, impede their transportation to the sensor probes at lower concentrations dropping the limit of detection. Non-specific binding, sample delivery and improper cell dispersion (mixing) may also contribute to reduced capture sensitivity 35 . Peptide 18-4 binds to breast cancer cells most likely via a receptor-mediated mechanism 22 . We attribute the variation in cantilever responses between cancerous and non-cancerous cells to the presence of different receptors or different expression levels of a specific receptor on surface of cancer cells. It is well known that certain receptors or/markers are over expressed on cancer cells and deficient in the normal 36, 37 , and such receptors are being targeted for diagnosis and drug delivery using different types of ligands such as antibodies, aptamers, affibodies and peptides.
The sensitivity of detection is one of the key features for practical application of the sensor in medical and biological applications. To this end, the sensitivity of the peptide based cantilever array was determined by exposing the sensor to various concentrations of cancer cells (MCF7) spiked in PBS (5 ± 3-10 3 ± 10 cells mL
) ( Figure S3 ). The results showed the ability of sensor to detect as low as 25 ± 5 MCF7 cells per mL in pure buffer solution from the background deflection (baseline). The signal, however, was not distinguishable from the background at lower concentration, suggesting a minimum detection limit of 25 cells per mL. Several studies have shown that biosensor performances are often affected by the analyte transport in the vicinity of the sensing area 28, 38 as well as dispensing of the cells in the microfluidic system 35, 38 . Therefore in flow through systems like microcantilevers, it is possible to achieve a low detection limit by controlling the fluid delivery with a proper mixing regime. In addition, cantilever with a continuous fluidic flow can allow analysis of relatively large sample volumes with a few CTCs, thereby improving the detection limit, as opposed to other detection methods with fixed sample volumes.
Cancer Cell Binding using Surface Plasmon Resonance. In order to validate microcantilever results, surface plasmon resonance (SPR) was utilized to study the specific recognition of cancer cells by surface immobilized cancer targeting peptides. SPR is routinely used as a standard characterization tool for bimolecular interactions and serves as a complementary transduction method to the piezoresistive ). The representative graphs show an increase in cantilever deflection with an increase in the number of MCF7 cells (c), and a decrease in cantilever deflection with an increase in the number of MCF10A (d) in the media. Each cantilever differential deflection represents an average calculation of eight replicates and error bars indicate standard deviations.
Scientific RepoRts | 5:13967 | DOi: 10.1038/srep13967 microcantilever system 39 . SPR is a highly sensitive method, however, piezoresistivity, the change in electrical resistivity under stress or deflection is a simple method that eliminates the complexity inherent to optical instruments such as SPR without the loss of sensitivity. The ligand peptide 18-4 was covalently immobilized on SPR gold slide using the thiol chemistry as described above. The peptide functionalized slide was inserted into the instrument and PBS solution was allowed to flow at a constant flow rate of 10 μL min The sensitivity of the peptide functionalized SPR sensor was evaluated by injecting serial concentrations of MCF7 cancer cells (5 ± 3 to 100 ± 10 cells mL . Figure 4b shows a representative SPR spectrum where an increase in SPR intensity was observed with an increase in concentration of the injected MCF7 cells. Similar to the microcantilever studies ( Figure S3 ), the number of cells bound to the immobilized ligand is directly proportional to the number of cancer cells in the sample, up to a maximum of ∼ 500 cells mL Cancer Cell Detection in Whole blood Samples. To mimic the detection of CTCs from patient blood samples, the designed peptide-based microcantilever were exposed to MCF7 cells spiked in human blood samples. First, the blood was made less viscous by diluting it with buffer solution (90%) in order to facilitate the injection and diminish the viscosity effects. In addition, to enhance the sensitivity, the plasma was removed from the blood by centrifugation. Plasma is routinely removed from the blood for CTC enrichment from whole blood 40, 41 . Blood samples spiked with different concentrations of MCF7 (25, 50 or 100 cells/mL) were allowed to flow over the peptide 18-4-cantilever (Fig. 5a,b) . Likewise for blood without plasma samples, freshly obtained blood samples were first spiked with MCF7 or MCF10A (25, 50 or 100 cells/mL) followed by plasma removal. The resulting sample was allowed to flow over the peptide 18-4-cantilever for nanomechanical readings (Fig. 5c,d ). The cantilever system was initially equilibrated by injecting the blood sample (with or without plasma) free from the cell lines, followed by injection of spiked blood samples. This was done to clearly observe the deflection after introduction of the spiked blood. Instead when the system was equilibrated by injecting PBS, followed by blood and then spiked blood, the deflection due to spiked blood was less apparent ( Figure S4 ). We envisage the patient samples can be run in the clinics by equilibrating the system with normal human blood followed by injection of the patient blood in the cantilever flow through system to obtain a clear read out. Figure 5 shows the differential deflections of microcantilever arrays after injecting the blood (Fig. a,b) or blood without plasma (Fig. c,d ). An increase in cantilever deflection was observed with an increase in number of MCF7 cells in the sample. The MCF7 spiked blood samples, whole blood or blood without plasma, showed a substantial deflection compared to the MCF7 free specimens at a concentration of 100 ± 10 cancer cells mL −1
. Blood without plasma showed higher response (85 ± 8 nm) compared to whole blood sample (62 ± 10 nm). In addition, for the blood without plasma specimen (Fig. 5c ) the nanomechanical bending was significant (40 ± 10 nm) even at 50 ± 10 MCF7 cancer cells mL −1 , suggesting interference from plasma components such as proteins and other interfering biomolecules.
Further, we examined the cancer cell capture from whole blood samples using fluorescence microscopy with comprehensive image analysis. MCF7 (or MCF10A) and white blood cells (WBCs) in blood samples were fluorescently labeled green and red, respectively, followed by injection into the cantilever. The eight microcantilevers were exposed to two spike cell concentrations, 50 or 25 cells mL −1 of blood at 1 mL hr −1 (Fig. 6a) . The captured cells were imaged using fluorescence microscopy. Figure 6b shows images of two of the eight cantilevers with captured MCF7 (or MCF10A) and hematological cells (WBCs). While the control peptide cantilevers captured almost no cancer cells, the peptide 18-4 cantilevers captured 5 ± 2 MCF7 cells/cantilever. Overall, the average number of captured MCF7 cells per 8 cantilevers, when seeded at a concentration of ∼ 50 cells/mL, was found to be 40 ± 7 cells/mL for the peptide 18-4 coated sensor which is significantly higher than the control sensor (7 ± 5 cells/mL). These results are statistically significant as determined using the unpaired student t-test (P = 0.008). In contrast, at seeded concentration of 25 cancer cells/mL, poor significant difference was observed for the peptide 18-4 sensor compared to the control sensor (P = 0.056; n = 5). In addition, peptide 18-4 coated sensor captured only 9 ± 3 cells/mL MCF10A cells when exposed to ∼ 50 MCF10A cells/mL in blood sample. From the optical images of single cells (MCF7) bound to microcantilevers, we can clearly see the results correlate reasonably well with the cantilever deflection measurements (Fig. 2b ). An increase in bound cancer cells was observed with an increase in its seeded concentration. At 50 cells/mL, high capture efficiency (80 ± 5%) was achieved using peptide 18-4 functionalized microcantilevers. It is interesting to note that a similar capture yield (80%) was obtained for MCF7 cells present in PBS (Fig. 2b ) or blood samples (Fig. 6c) , whereas the cantilever deflection was decreased when MCF7 cells were present in whole blood (Fig. 5a ) compared to when present in PBS (Fig. 2a) . This is likely due to the higher baseline deflection for the spiked whole blood sample, where other biomolecules or cells from the blood bind to the peptide cantilever before cancer cell binding. For instance, we observe that white blood cells contribute to the non-specific binding on the peptide 18-4 cantilevers with 21 ± 6 WBCs bound per 8 cantilevers.
Owing to the high specificity of peptide 18-4 to breast cancer cells, detection of cancer cells was achieved in buffer and blood samples at reasonable concentration levels. Although it has been very challenging to detect cancer cells in pure blood samples, we achieved the detection limit of approximately 50 cell mL −1 , which compares well with other reported data 13 . Typically, antibodies or nucleotides are used as molecular recognition elements in cancer detection 42, 43 . The only test that has been approved by the US Food and Drug Administration to measure CTCs in patients is the CellSearch ® system (Veridex TM , Warren, PA). This system is based on epithelial cell adhesion molecule (EpCAM) recognition by anti-EpCAM antibody 41 . The system is very sensitive, achieves robust capture efficiency, and is used for clinical prediction of CTCs with enumeration count of 5 or more cancer cells per 7.5 mL human blood. It is reported, however, that even with CellSearch a number of cancer cells escape from the detection due to the lack of the EpCAM molecule or due to the multiple steps that are required for the enrichment process 12 . There are several other platforms that use EpCAM antibody and are under development, such as nanowire based platform and platinum microelelctrodes coupled with electrochemical impedance 44, 45 . Lee and co-workers reported an integrated nanowire based platform where the EpCAM antibody immobilized in the quartz nanowire arrays captures CTCs from blood samples and laser scanning cytometry is used to enumerate the CTCs 44 . Similarly, in another study EpCAM antibody is used to capture cancer cells and the binding event is monitored using highly sensitive electrochemical impedance sensor 45 . In this case, however, the detection sensitivity is dependent on the ionic strength of the sample and the frequency at which the electrical impedance is measured.
More recently, a genetic-based approach is reported where nanoconstructs called "NanoFlares" are used to detect live circulating tumor cells from blood 46 . NanoFlares consist of gold nanoparticles functionalized with single-stranded DNA (antisense recognition motif) that binds to short DNA complement containing a fluorescent reporter, whose fluorescence is quenched when it is present near the gold particle. In the presence of cancer cells the NanoFlares bind to target mRNA, and the fluorescent reporter is away from the gold nanoparticles displaying enhanced fluorescence which is quantified using flow cytometry. Other methods for CTC detection include capturing CTC based on the cell size difference 47, 48 . CTCs are typically larger than peripheral blood cells and different filtration approaches are being developed to isolate and detect CTCs 47 . Our study explores an alternative selective biomolecule (peptide) to detect cancer cells in combination with highly sensitive microcantilevers. The technique not only detects cancer cells by peptide capture, it also sorts cells in a single step. Unlike other techniques, peptide-based cantilever arrays are very simple to prepare, can be readily fabricated on silicon wafers and/or other materials using conventional microfabrication techniques, are inexpensive and can be used in an array format to detect simultaneously several cancer phenotypes. The ultra-small size of cantilevers, which resembles a miniature diving panel, allows the sensor to exhibit quick responses to the biological and chemical deviations for real-time, in-situ monitoring 49 . Peptide functionalized cantilever arrays can be developed to capture multiple receptors expressed on cancer cells increasing sensor sensitivity. Our future work will focus on obtaining a well-defined peptide array with different binding affinities for cancer cells and the normal haematological cells in blood samples. The approach will encompass exploring strategies such as employing different techniques for peptide immobilization, investigating multi-ligands for targeting and using other sensor . The eight cantilevers were exposed to MCF7 or MCF10A spiked whole blood samples (50 or 25 cells/mL). MCF7 or MCF10A cells and the white blood cells (WBCs) were stained separately, green and red, respectively, before mixing. Scale bar is 100 μm. (c) The average number of captured cells per 8 microcantilevers as computed from the set of fluorescence microscopy images. Assay was repeated five times, and mean ± SD is presented. The P values were computed using the unpaired t-test to signify the statistical difference between the comparable groups.
Scientific RepoRts | 5:13967 | DOi: 10.1038/srep13967 platforms in parallel to achieve better detection limits with high selectivity. Peptide 18-4 works well to capture the immortalized cells spiked into human blood. Future work warrants the evaluation of peptide 18-4 binding to patient derived CTCs to validate the peptide-based microcantilever approach. Currently peptides are being used clinically to detect cancer [50] [51] [52] . For instance, RGD that binds α vβ 3 integrins on cancer cell surface is used in cancer patients as a radiotracer to detect breast cancer lesions by positron emission tomography (PET) 50 .
In conclusion, functionalization of microcantilevers with breast cancer-targeting peptide 18-4 has enabled label-free sensing platform for real-time detection of cancer cells in human blood samples. The peptide 18-4 functionalized cantilever sensor can detect cancer cells in whole blood which contains significantly large number of hematological cells. The achieved detection limits with the cantilever sensor are 25, 50, and 100 cancer cells/mL in buffer, blood without plasma and blood, respectively. The higher sensitivity toward the blood without plasma sample suggests that the microcantilever sensing can be further improved by removing the non-cellular components from the blood. Further a capture yield of 80% from spiked whole blood samples was achieved with the peptide 18-4 functionalized cantilevers, which is comparable to the antibodies based systems 14 . These results suggest that the peptide-based microcantilever sensor can be developed into a diagnostic platform for detection of circulating tumor cells as well as to monitor the therapeutic outcomes in cancer patients.
Methods
Peptide Design and Synthesis. Two cancer-targeting peptides, peptide 18-4 (WxEAAYQrFLC) and cRGD (cyclicRGDfC) and the corresponding negative control peptides, ref. 1 (XEPAYQRFTC) and ref. 2 (cyclicRADfC) were used in this study. In each peptide an additional cysteine residue has been added at the terminus in order to enable adequate anchoring to the cantilever gold interfaces and the SPR gold chips through the well-known gold-thiol chemistry immobilization method 20, 53 Peptides were synthesized chemically using standard N-Fmoc solid phase peptide synthesis as described previously 21 . Briefly, the first amino acid was coupled to a 2-chlorotrityl resin (NovaBiochem, San Diego, CA) at 5-fold excess using the N,N diisopropyl ethylamine (DIPEA) at room temperature. Further amino acids were added automatically using an automated peptide synthesizer (Tribute, Protein Technology, Inc., USA). The completed peptide was ultimately released from the resin with a mixture of 90% trifluoroacetic acid (TFA), 9% dichloromethane (DCM), and 1% triisopropylsilane (∼ 10 mL) for 90 min at room temperature. The cleaved peptide combined with TFA was then concentrated, washed with diethyl either, dissolved in water and purified using reversed-phase HPLC (Table S1 ).
Microcantilever Sensor Preparation. Microcantilever arrays (Concentris GmbH -Switzerland)
of eight gold-coated cantilevers (500 μm long, 100 μm wide and 1 μm thick) were used in the experiments. The apex -top gold surfaces of the cantilevers (20 nm gold thickness) were functionalized with our designed thiolated peptides following the procedure described for gold-thiol chemistry immobilization 20, 53 . Briefly, cantilevers were cleaned with Piranha solution (30% H 2 O 2 :96% H 2 SO 4 , vol/vol) for 15 minutes, rinsed three times with MilliQ-water (18 MW) followed by ethanol, and dried in air. The arrays were incubated in 2-[methoxy(polyethyleneoxy)propyl]trimethoxysilane (10 mM, Gelest Inc. Frankfurt, Germany) for 20 minutes, rinsed with ethanol and dried in air in order to make the backside of the levers inert and reduce nonspecific binding to the silicon side. Subsequently the microcantilevers were coated with the peptides of interest. In order to make sure that only cantilevers tips were functionalized with the peptide, only the tips were dipped-in the peptide solution (1 mg/mL) and kept for 6 h; the process was also repeated once to ensure an adequate peptide coupling to the cantilever surface. Prior to use, the arrays were rinsed with 70% ethanol and copious amount of PBS solution to remove any physically adsorbed materials.
Cantilever Setup and Deflection Detection. All cantilever experiments were carried out using an in-house built microcantilever array sensor ( Figure S1 ). Briefly, the cantilever setup consists of a fluidic cell within which the functionalized cantilever array was mounted. The cell is attached to an inlet port connected to a syringe pump for introduction of the sample and an outlet port which is attached to a fluid reservoir. To detect cantilever deflections, a low-power (∼ 1 mW) laser beam was reflected off the free-end of the cantilever and was focused onto a position sensitive detector (PSD Thorlabs. Inc. New Jersey, USA). Data from nano-mechanical cantilever deflections were recorded in real-time using a multifunctional data-acquisition board driven by LabView-based software. The functionalized cantilever array was initially placed in the fluidic cell and equilibrated in running phosphate buffered saline (PBS) at a constant flow rate of 5 mL h −1 until a stable baseline was achieved. It was then exposed to running PBS solution for approximately 50 scans followed by flow of sample solutions containing cancer cells. An optimum flow rate for detection was determined by exposing the peptide 18-4-functionalized cantilever to a solution of cancer cells at various flow velocities. The results led us to select a flow rate of 1-2 mL h −1 for all our subsequent experiments. The experiments were performed for four different peptides as indicated in the text and four different cell lines including the non-cancerous control cells.
Cell Culture. The human breast cancer cell lines MCF7 and MDA-MB-231 (American Type Culture Collection, Manassas, VA) were cultured in DMEM medium containing 10% fetal bovine serum (FBS), 100 IU mL −1 penicillin, and 100 IU mL −1 streptomycin. The human mammary epithelial cell line MCF-10A was cultured in minimal essential growth medium (MEGM, Lonza, Cedarlane) supplemented with the same additives as mentioned before. Human umbilical vein endothelial cells (HUVEC), kind gift from the laboratory of Sandra Davidge, University of Alberta, were cultivated using endothelial cell growth medium (EGM, Lonza, Cedarlane) containing 20% FBS, 2 mM L −1 glutamine, 100 IU mL
penicillin, 100 IU mL −1 streptomycin, and 2 ng/mL basic fibroblast growth factor (Roche Diagnostics, Mannheim, Germany). All cell lines were cultivated at 37 °C in a 5% CO 2 -95% O 2 incubator, and growth media were replaced every 48h.
Cantilever and Cell Capture Assay. For running the cantilever assay and performing the capture efficiency experiments, cells were diluted in serum-free medium, starting at an initial concentration of 10 3 mL −1 determined by a hemocytometer. Subsequently the cells were centrifuged at 500 rpm, and re-suspended in phosphate buffered saline (PBS, 1 mL). Cells were aliquoted into a low-attachment 96-well plate to obtain a serial dilution of cells ranging from 100-5 cells mL −1 in each well (optical microscopy was used for cell counting). Mixed cells samples were obtained by following the same protocol, where aliquots of MCF7 and MCF10A were mixed to give final ratios of 25:75, 50:50, and 75:25 for MCF7:MCF10A with 100 cells mL −1 in each well. Before the cell capture assay, MCF7 cells were stained with fluorescent dye (CyQUANT, green -Life Technologies Inc., Burlington, ON, Canada) following the manufacture's protocol, washed with PBS, centrifuged and re-suspended at 100 cells/mL in PBS solution. The sample with seeded cells was then introduced into the cantilever sensor after calibrating the baseline with PBS solution for ∼ 20 min. After taking the deflection reading the cantilevers were scanned by a fluorescence microscope (Olympus America, Melville, NY, USA) and sets of images corresponding to the captured cells were taken at different positions. The images were imported and cell numbers were computed using ImageJ software package. The capture efficiency was defined as the ratio of the number of target cells captured to the number of target cells initially seeded.
Human blood samples were collected from healthy donors with informed consent and in accordance with the approved guidelines by the University of Alberta. All experiments were performed following protocols as approved by the ethics committee. All samples were collected in EDTA tubes and were processed within 3 h. Before each injection into the cantilever system, the samples (whole blood or the blood without plasma) were spiked with various concentrations of cells (25, 50 , and 100 cell mL ), diluted to 10% concentration in 1× PBS solution, and subjected to nanomechanical reading. Briefly, blood without plasma sample was prepared by first spiking the blood (1 mL) with cell lines (MCF7 or MCF10A), mixed with buffer (1:9, v/v), centrifuged at 800 × g for 10 minutes until the blood cells fall to the bottom of the tube 54 followed by aspiration of the plasma and buffer, and finally re-suspending in 1× PBS solution (1 mL) 40, 41 . Samples were injected into the cantilever system at a flow rate of 1 ml hr −1
. The capture yield was determined as discussed above.
The MCF7 or MCF10A and centrifuged white blood cells (from 1 mL blood) were stained green and red, respectively, suspended in PBS solution (1 mL) and injected to the cantilever device. Note that in order to get the red probe (propidium iodide) inside the WBCs, the hematological cells were incubated with the stain for ∼ 1 h at room temperature. Captured cells were then examined using fluorescence microscopy at 20× magnification and excitation wavelength of 488 nm (CyQUANT) and 543 nm (propidium iodide). The emitted fluorescence was detected through spectral detection channels between 500-530 nm and 555-655 nm for green and red fluorescence, respectively. Capture efficiency was defined as mentioned above.
SPR Measurements. Surface Plasmon Resonance (SPR) measurements were carried out using a SRP Navi 200 instrument (BioNavis Ltd., Tampere, Finland) that uses the Kretscheman prism configuration having a goniometer with dual flow channels and cohesive peristaltic pump with 100 μL sampler loops. Briefly, the experiments were performed in angular scan mode in order to determine the SPR angular position changes in a real-time. The critical angle of total internal reflection was measured as the reflection index changes due to the surface absorption on the chip. A flow rate of 10 μL min −1 was used throughout the experiments with a sensor temperature fixed at 25 °C. A laser with a wavelength of 670 nm was used as a light source to excite the surface plasmon at the dielectric gold interface. A freshly cleaned gold-coated SPR chip (50 nm gold, 5 nm Titanium adhesion layer) was functionalized with peptide 18-4 (or peptide ref. 1) by immersing in peptide/PBS solution (1 mg mL −1 ) for 12 h at room temperature. The measurements started by introducing the peptide chip into the sample holder and running 1× PBS solution at a 7.4 pH to stabilize a baseline. Two samples of PBS (1× ) solution, containing cancer cell line MCF-7 (100 cells mL −1 ) or the corresponding normal cell line MCF-10A were injected separately through the flow cell. A continuous scan was performed on a liquid range of 50-77° and the recorded data were processed using the BioNavis software package.
Statistical Analysis. For all the experiments, signals of identically functionalized cantilevers were averaged and each experiment was performed at least three times. All data are presented as mean ± SD of the calculations throughout the manuscript. The statistical difference was tested either using the unpaired t-test or the one way ANOVA test as specified 55 . In all statistical analysis the significance level (P value) was set at 0.05.
